F
-specific (Fϩ) RNA phages are positive-sense, single-stranded RNA phages belonging to the family Leviviridae (1). These phages have been widely used as indicators to predict or track the source of fecal contamination, since they are a constituent of human and/or animal feces. Fϩ RNA phages are also used as viral surrogates to elucidate the resistance of viruses to adverse conditions and to assess the effectiveness of virus-inactivating processes because of their similarity in structure, size, and biochemical properties to enteric viruses (2) (3) (4) (5) .
Reverse transcription (RT)-PCR has been widely used for the detection of Fϩ RNA phages from various environmental samples (6) (7) (8) . Based on the differences in their genome sequences, RT-PCR has been successfully utilized for the identification of subgroups of Fϩ RNA phages. RT-PCR methods have also been successfully used to quantify Fϩ RNA phages by the use of SYBR green dye or specific TaqMan probes (6, 9) . However, since loss of infectivity may not result in the loss of the target sequence of the genome, RT-PCR methods are inadequate to quantify infectious Fϩ RNA phages because of the production of false-positive signals caused by the presence of inactivated phage particles or even naked RNA (10). Hot et al. (11) detected enterovirus genomes in 60 of 68 tested samples, but infectious enteroviruses were isolated in only two of the same samples. Previous studies have demonstrated that the levels of Fϩ RNA phages were clearly correlated with the levels of norovirus, and the inactivation pattern of Fϩ RNA phages is similar to the inactivation of enteric viruses (12, 13) . Due to the fact that the risk of fecal contamination to human health is caused by the presence of infectious viral or bacterial pathogens and that neither inactivated pathogens nor their naked genomes are able to cause disease, the presence of inactivated Fϩ RNA phages is incapable of predicting the infectiousness of pathogens potentially present. Thus, RT-PCR methods that are capable of differentiating infectious and inactivated Fϩ RNA phages will give more reliable information on the risk posed by fecal contamination to human health.
The limitation of PCR-based methods in detecting infectious viruses has been recognized by the scientific community, and studies have been performed to evaluate the usefulness of PCRbased methods to quantify the infectivity of viruses (10, 14) . Fittipaldi et al. (15) reported a real-time PCR method to discriminate the infectious phage T4 by the use of propidium monoazide. Their method was able to differentiate phage particles inactivated by a heat treatment at 110°C, but not at 85°C, from infectious phage. Shieh et al. (16) evaluated an integrated cell culture RT-PCR to detect naturally occurring enteroviruses in water and demonstrated that direct RT-PCR could lead to more than 90-fold overestimation of naturally occurring infectious viruses in water. The genome of Fϩ RNA phages is enclosed in a capsid mainly composed of 180 copies of coat protein, which has a protective effect on the integrity of the viral genome. Inactivated and infectious Fϩ RNA phages may differ in the resistance of their protein capsids to proteolysis (17, 18) . Denaturation of coat protein may always occur when Fϩ RNA phages are inactivated, since the capsid acts as the outer shell of the viral particle and protects the genome, even though theoretically any damage to the genome or receptor sites on the capsid of Fϩ RNA phages may lead to the loss of infectivity. Denaturation of protein exposes more available sites to proteases and thus renders it more susceptible to proteolysis. Following degradation of the coat protein, the RNA genome should be more susceptible to RNase degradation than RNA of infectious phages, in which the RNA genome is surrounded by the intact protein capsid (17) . Thus, treatment of Fϩ RNA phages with protease and RNase before RNA extraction, followed by quantitative RT-PCR, should detect mainly infectious phages, since naked RNA or RNA of inactivated phage particles is more readily degraded.
MATERIALS AND METHODS
F؉ RNA phages and the host bacterium. Phages MS2, GA, Q␤, and SP, belonging to subgroups I, II, III, and IV, respectively, were used as references for Fϩ RNA phages, with Escherichia coli Famp (ATCC 700891) used as the host bacterium. Both the phages and the host bacterium were kindly provided by Lawrence Goodridge, McGill University. E. coli Famp was grown in tryptic soy broth (TSB) (BD, Mississauga, Canada) containing 15 g ml Ϫ1 ampicillin/streptomycin at 37°C, and bacterial cells in the exponential growth phase were used for phage propagation and enumeration. Phage propagation and enumeration were performed by the double-agar-layer (DAL) method using tryptic soy agar (TSA) (BD, Mississauga, Canada) plates containing 15 g ml Ϫ1 ampicillin/streptomycin (19) , and dilution was performed with phosphate-buffered saline (PBS) when necessary to ensure that plaques on the plates were enumerable. Phage titers were expressed as PFU ml Ϫ1 , and only plates with 30 to 300 PFU were used for enumeration.
Susceptibility of infectious F؉ RNA phages to RNase. The susceptibility of infectious Fϩ RNA phages to RNase was tested with phage MS2. E. coli Famp (200 l; ϳ8 log 10 CFU ml Ϫ1 ), soft TSA (TSB with 0.5% agar; 15 ml, prewarmed at 55°C), and RNase A (Thermo Scientific, Logan, UT) were mixed and dispersed into a 15-cm-diameter petri dish (Fisher Scientific, Toronto, Canada) to prepare host cell-seeded plates containing RNase A (3 or 15 g ml Ϫ1 ). Aliquots (10 l) of phage suspensions of various titers were dispersed onto the RNase A-supplemented host cellseeded plates, which were then dried at room temperature for 20 min and incubated at 37°C overnight. A negative-control experiment was also performed by dispersing phage suspensions onto a host cell-seeded soft-TSA plate in the absence of RNase A.
Alternatively, phage MS2 (200 l; ϳ7 log 10 PFU ml Ϫ1 ) was treated with 2 l of RNase A (10 g l Ϫ1 ) at 37°C for 0, 10, 20, or 30 min, followed by the addition of 2 l of RNaseOut Recombinant RNase Inhibitor (40 U l Ϫ1 ; Life Technologies Inc., Burlington, Canada) to inactivate RNase A. The treated phage suspension was 10-fold serially diluted with PBS, and 10 l of each of the dilutions was spotted onto a host cell-seeded soft-TSA plate and incubated at 37°C overnight. Untreated phage suspension (at the same concentration) was used as a negative control and considered the 0-min treatment. This was done to determine the susceptibility of free infectious Fϩ RNA phages (phages in suspension, not attached to host cells) to RNase.
The susceptibility of infectious Fϩ RNA phages to the treatment with proteinase K and RNase A was also tested in a similar way. Phage MS2 was treated with Engyodontium album proteinase K (333 U ml Ϫ1 ; Life Technologies, Burlington, Canada) and 2 l of RNase A at 37°C for 10, 20, or 30 min. After that, 2 l of RNase inhibitor was added to inactivate the RNase A. The infectivity of the treated phage suspension was tested by plaque assay as described above. A phage suspension that was not treated with proteinase K or RNase A was included as a negative control and considered the 0-min treatment. Proteinase K was dissolved in PBS and freshly prepared for each experiment.
Primers used to detect F؉ RNA phages. The primers used for the detection of Fϩ RNA phages were selected from previous studies (9, 20) or designed based on the alignment of complete or partial sequences of Fϩ RNA phages (MS2, fr, M12, R17, GA, BZ13, KU1, Q␤, M11, MX1, TW18SP, and NL95) and synthesized by the Laboratory Service Division, University of Guelph, Guelph, Canada. The sequences of the primers used for Fϩ RNA phage detection are shown in Table 1 . Subgroup-specific primers were used in order to detect all Fϩ RNA phages potentially present in environmental samples. Each of the chosen primer sets was designed to be specific for the corresponding subgroup of Fϩ RNA phages with the capacity to detect as many strains within the subgroup as possible. The specificity of the primers was tested by aligning the primers with sequences of Fϩ RNA phages available in GenBank, National Center for Biology Information (NCBI), and also tested by RT-PCR using the Qiagen one-step RT-PCR kit (Qiagen, Toronto, Canada) according to the manufacturer's instructions in a Mastercycler (Eppendorf, Hamburg, Germany), with phages MS2, GA, Q␤, and SP as reference phages for subgroups I, II, III, and IV, respectively. The RT-PCR products were sized electrophoretically on 2% agarose gels stained with ethidium bromide (2 g liter Ϫ1 ) and visualized under UV light with a Gel Doc system (Bio-Rad, Mississauga, Canada).
Partial inactivation of F؉ RNA phages. Suspensions of Fϩ RNA phages at initial concentrations of approximately 6 to 7 log 10 PFU ml
Ϫ1
were used for partial inactivation. The choice of working phage titers was intended to avoid complete inactivation of the phages in these suspensions. The methods used for inactivation were heat treatment, UV irradiation, and innate inactivation at room temperature. Partially inactivated phage suspensions were divided into four subsamples for phage enumeration by the plaque method, quantitative RT-PCR, and enzyme treatment (ET) RT-PCR (both one step and two step, as described below), all of which were performed immediately after the inactivation treatment.
Heat treatment was performed at 55°C to avoid complete destruction of the phage coat protein. For all four phages, a working phage suspension was 10-fold diluted in PBS, which was prewarmed at 55°C in a water bath, and incubated at the same temperature for 40 min. Preliminary studies indicated that a loss of approximately 1 to 2 log 10 PFU ml Ϫ1 was achieved by this treatment. The phage suspension was immediately cooled on ice after heat treatment. The phage titer of the working suspension was determined by plaque assay prior to heat treatment.
UV irradiation was performed by the use of an FB-TIV-88A Transilluminator (Fisher Scientific, Toronto, Canada) with a wavelength of 312 nm. The phage suspension (7 ml) was dispersed in a 10-cm-diameter petri dish (Fisher Scientific, Toronto, Canada) and exposed to UV irradiation for 20 min. The UV intensity was 0.19 mW cm Ϫ2 , as measured with a PMA2100 Radiometer (Solar Light, Glenside, PA, USA). Preliminary studies indicated that a loss of approximately 1.5 to 3.0 log 10 PFU ml Ϫ1 was achieved by this treatment. Aliquots of the phage suspensions were assayed by the plaque method prior to UV irradiation to determine the initial concentrations of infectious phages.
Innate inactivation of Fϩ RNA phages following incubation at room temperature was determined using phage suspensions in PBS and stored at 25°C Ϯ 1°C for 14 days. Preliminary studies indicated that a loss of approximately 0.5 to 1.5 log 10 PFU ml Ϫ1 was achieved during this period. The initial phage titers of the working suspensions were determined by plaque assay.
Enzyme treatment. Enzyme treatment with proteinase K and RNase A was performed in order to selectively degrade the RNA of inactivated Fϩ RNA phages. Both one-step and two-step enzyme treatments were tested.
For the one-step treatment, the partially inactivated phage suspension (200 l) was mixed with proteinase K (final concentration, 333 U ml Ϫ1 ) and RNase A (10 g l Ϫ1 ; 2 l) and incubated at 37°C in a water bath for For the two-step ET, partially inactivated phage suspensions were first treated with proteinase K at 37°C for 30 min, followed by the addition of phenylmethylsulfonyl fluoride (PMSF) (Sigma, Oakville, Canada) at a final concentration of 5 mmol liter Ϫ1 to inactivate the proteinase K. RNase A was added, and the suspension was incubated at 37°C for a further 30 min, followed by the addition of 2 l of RNase inhibitor to inactivate the RNase A. The PMSF solution (1 mol liter Ϫ1 ) was prepared in ethanol (Sigma, Oakville, Canada) because of its limited water solubility.
RNA extraction. Extraction of RNA from phage suspensions was performed using the Total RNA Purification Kit (Norgen, Thorold, Canada), according to the manufacturer's instructions. Briefly, the process included lysing the bacteriophage chemically in a microtube with the lysis solution provided to release RNA from the phage particles, and the contents of the tube was loaded onto a small chromatographic column. After washing three times with the washing solution provided, the RNA was eluted with elution buffer. The extracted phage RNA was stored at Ϫ20°C and assayed by real-time RT-PCR within 2 weeks.
Standard curves. Freshly prepared phage suspensions were used to construct standard curves in order to quantify Fϩ RNA phages by realtime RT-PCR as described below. The phage suspensions were 10-fold serially diluted with PBS, and appropriate dilutions were assayed by plaque assay to determine phage titers (PFU ml Ϫ1 ). At the same time, RNA was extracted from aliquots (200 l) of these dilutions. The resulting RNA was assayed by a SYBR green real-time RT-PCR assay, and the C T values (cycle threshold; the number of cycles in a real-time PCR process needed for the fluorescent signal to exceed threshold) were recorded. Experiments were performed in triplicate. The C T values were plotted against the corresponding starting phage titers (logarithmic value) to obtain a standard curve. Standard curves for each of the Fϩ RNA phages were established individually.
Quantitative RT-PCR. One-step real-time RT-PCR, with or without ET, was performed using the QuantiFast SYBR green RT-PCR Kit (Qiagen, Toronto, Canada) to quantify Fϩ RNA phages. The reaction mixture (25 l) contained 12.5 l of master mix, 0.25 l of RT mix, 1 l each of reverse and forward primers (10 pmol l Ϫ1 ), 2 l of RNA template, and 8.25 l of RNase-free water. The master mix contained HotStarTaq Plus DNA polymerase, QuantiFast SYBR green RT-PCR buffer, deoxynucleoside triphosphate (dNTP) mixture, and fluorescent dyes. The reaction mixtures were prepared in MicroAmp Fast 8-tube strips (Invitrogen, Burlington, Canada), and all the reagents were kept on ice to avoid temperature abuse. The real-time RT-PCR was conducted in a ViiA 7 real-time PCR system (Invitrogen, Burlington, Canada), and the thermal-cycling conditions were as follows: reverse transcription at 50°C for 10 min, activation of HotStarTap Plus DNA polymerase at 95°C for 5 min, followed by 40 cycles of denaturation at 95°C for 10 s and combined annealing/ extension at 56°C for 30 s. Finally, a melting curve analysis was performed, from 56 to 95°C, to confirm the specificity of the amplicon.
Detection of naturally occurring F؉ RNA phages. The abilities of the enzyme treatments in combination with RT-PCR to quantify infectious Fϩ RNA phages were tested with raw sewage and primary treated wastewater, which were collected from the wastewater treatment plant of Guelph, Canada. Raw sewage and primary treated wastewater were filtered through a 0.45-m membrane filter (Fisher Scientific, Toronto, Canada), and phage titers in the filtrate were tested by plaque assay and RT-PCR with or without a two-step ET prior to RNA extraction. The results obtained by these methods were compared to verify the suitability of ET RT-PCR to quantify infectious Fϩ RNA phages naturally occurring in environmental samples.
Statistical analysis. Statistical analysis was performed using SPASS 16.0 (IBM, New York, USA). A significant difference was recorded when the P value was Ͻ0.05.
RESULTS
Susceptibility of F؉ RNA phages to RNase. The titer of the phage MS2 working stock was ϳ7 log 10 PFU ml Ϫ1 , and this was 10-fold serially diluted with PBS to produce phage suspensions of various concentrations. With RNase A supplemented in host cell-seeded plates, clear zones were not observed on the bacterial lawn where phage suspensions were dispensed, indicating that Fϩ RNA phages were unable to infect host cells in the presence of RNase A, in contrast to medium not containing RNase A. The presence of 3 g ml Ϫ1 RNase A was able to prevent at least ϳ7 log 10 PFU ml
Ϫ1
Fϩ RNA phages from infecting host cells. When a phage MS2 suspension was treated with RNase A, which was subsequently inactivated by RNase inhibitor, clear zones were not observed on the bacterial lawn where undiluted phage suspensions were dispersed, which indicated the absence of host cell infection by Fϩ RNA phages. However, when the treated phage suspensions were diluted with PBS and aliquots (10 l) of these dilutions were dispensed on the same plates, clear zones were formed on the bacterial lawn where 10 Ϫ1 , 10 Ϫ2 , 10 Ϫ3 , 10 Ϫ4 , or 10 Ϫ5 dilutions of the treated phage suspensions were located. These clear zones on the bacterial lawns indicated the infectivity of phage MS2 after such treatment and thus the inability of RNase A to inactivate free Fϩ RNA phages.
When phage MS2 that was treated with proteinase K and RNase A was spotted on a host cell-seeded plate, clear zones were observed on the bacterial lawn where these treated phage suspensions (or dilutions) were dispensed. As observed for the negative control, when phage suspensions were treated with the enzymes for 10, 20, or 30 min, isolated plaques were formed on the bacterial lawn where the 10 Ϫ6 dilution of the treated phage suspension was dispensed, indicating that little decrease in phage infectivity was achieved after such treatment.
Specificity of primers. The primer sets FRNA-I, FRNA-II, and FRNA-IV target a conserved region in the replicase gene of phages representative of subgroups I, II, and IV, respectively, while primer set FRNA-III targets a conserved region in the coat protein gene of phages belonging to subgroup III. The target region was found in, but not limited to, phages MS2 and fr when aligning FRNA-I with sequences of subgroup I phages; phages GA, BZ13, and KU1 when aligning FRNA-II with sequences of subgroup II; Q␤, M11, MX1, and TW18 when aligning FRNA-III with sequences of subgroup III; and phages SP and NL95 when aligning FRNA-IV with sequences of subgroup IV. When testing the specificity of primers by RT-PCR, products were obtained only when the primers were used to amplify phages belonging to the corresponding subgroups. The primer set FRNA-I detected phage MS2, primer set FRNA-II detected phage GA, primer set FRNA-III detected Q␤, and primer set FRNA-IV detected phage SP. Crossreactivity of the selected primer sets among the different subgroups of Fϩ RNA phages was not observed. The melting curve profiles of the four Fϩ RNA phages also confirmed the specificity of these primers. Even though the RT-PCR products of primer sets FRNA-II and FRNA-IV are the same length and indistinguishable electrophoretically, different melting points were observed between phages GA and SP (86.2 and 83.7°C, respectively).
Standard curves. Four 10-fold dilution series, one for each Fϩ RNA phage, were independently prepared and assayed by realtime RT-PCR to establish standard curves. For each Fϩ RNA phage, a linear relationship was observed when the average C T values were plotted against the starting phage titers. The squared correlation coefficient (r 2 ) for phages MS2, GA, Q␤, and SP were 0.999, 0.990, 0.989, and 0.989, respectively. The PCR efficiency (E) was calculated according to the following equation: E ϭ 10 Ϫ1/S Ϫ 1, where S is the slope of the standard curve (21) . The slopes of the standard curves for phages MS2, GA, Q␤, and GA were Ϫ3.89, Ϫ4.36, Ϫ3.65, and Ϫ3.87, representing PCR efficiencies of 81%, 70%, 88%, and 81%, respectively.
Quantification of infectious F؉ RNA phages. Partially inactivated phage suspensions were used to evaluate the ability of the ET RT-PCR to quantify infectious Fϩ RNA phages. Before partial inactivation, the titers of phage suspensions containing MS2, GA, Q␤, and SP were 6.6, 6.8, 6.2, and 6.3 log 10 PFU ml Ϫ1 , respectively. After treatment with UV irradiation, heat at 55°C, or innate inactivation, only a portion of the phage populations in these suspensions was inactivated, and the residual phage titers were in the range of 3.00 to 5.67 log 10 PFU ml Ϫ1 when determined by plaque assay (Table 2) .
Immediately after exposure to the inactivation process, phage suspensions were assayed by RT-PCR, one-step ET RT-PCR, twostep ET RT-PCR, and plaque assay. Phage titers detected by the RT-PCR methods (both with and without ET) were estimated using the RT-PCR standard curves. Despite the reduction of 1.20 to 3.43 log 10 PFU ml Ϫ1 in phage titers (determined by plaque assay) after treatment with UV irradiation, heat treatment at 55°C, or innate inactivation, the reductions in phage titers of these partially inactivated suspensions were insignificant (P Ͼ 0.05) when detected by quantitative RT-PCR alone. However, when the onestep ET was performed prior to RNA extraction, significant (P Ͻ 0.05) reductions in phage titers were detected by RT-PCR compared with those determined by RT-PCR alone ( Table 2 ). The phage titers in the partially inactivated suspensions obtained by the one-step ET RT-PCR were 0.70 to 2.53 log 10 PFU ml Ϫ1 higher than those obtained by the plaque assay. This implied that the one-step ET RT-PCR decreased, but did not eliminate, false-positive signals.
The two-step ET RT-PCR was more effective at reducing the incidence of false-positive signals than the one-step RT-PCR. However, as with the one-step ET RT-PCR, it did not totally eliminate false-positive signals. A reduction of 0.90 to 2.86 log 10 PFU ml Ϫ1 in phage titers was detected by the two-step ET RT-PCR compared with that obtained by RT-PCR alone (Table 2) . Compared with results obtained by the plaque assay, phage titers in the partially inactivated suspensions were 0.03 to 0.60 log 10 PFU ml Table 2 . , RT-PCR; , one-step ET RT-PCR; OE, two-step ET RT-PCR. predicts the number of infectious phages present in a sample than the other two assays.
Different inactivation rates of Fϩ RNA phages were achieved by the three treatments when determined by plaque assay. For all four phages, the highest residual titers after partial inactivation, detected by either one-step ET RT-PCR or two-step ET RT-PCR, were observed after innate inactivation at room temperature, followed by heat treatment and then UV irradiation. This was consistent with the results obtained by plaque assay, which indicated that the UV irradiation treatment caused the highest reduction in phage titer, followed by heat treatment and then innate inactivation, for all the phages tested. This confirmed that the ET RT-PCR (either one step or two step) was able to differentiate between infectious and noninfectious phages, albeit to different extents.
Naturally occurring F؉ RNA phages. A total of 16 environmental samples (8 raw sewage and 8 primary treated wastewater samples) were collected and assayed to verify the ability of ET RT-PCR to quantify infectious Fϩ RNA phages. Phage titers were determined by plaque assay, RT-PCR, and two-step ET RT-PCR, and the results are summarized in Table 3 . The four subgroupspecific primer sets were tested individually in each of the samples, and the sum of phage titers obtained by the four primer sets was recorded as the titer of Fϩ RNA phages in the environmental samples, detected by RT-PCR alone or ET RT-PCR. The average phage titers in raw sewage were 3.32, 4.57, and 3.64 log 10 PFU ml Ϫ1 when determined by the plaque method, RT-PCR, and twostep ET RT-PCR, respectively, while in primary treated wastewater samples, the average phage titers determined by plaque assay, RT-PCR, and two-step ET RT-PCR were 2.95, 4.59, and 3.57 log 10 PFU ml Ϫ1 , respectively. In both raw sewage and primary treated wastewater, the titers of naturally occurring Fϩ RNA phages were significantly (P Ͼ 0.05) higher when detected by RT-PCR than by the plaque method. When a two-step ET was performed prior to RNA extraction, phage titers decreased significantly (P Ͼ 0.05) compared with those obtained by RT-PCR without the enzyme pretreatment, but they were still significantly (P Ͼ 0.05) higher than those determined by plaque assay.
DISCUSSION
In this study, we evaluated an ET real-time RT-PCR to quantify infectious Fϩ RNA phages by the use of proteinase K and RNase A to selectively degrade naked RNA or RNA of inactivated phage particles prior to RNA extraction. Fϩ RNA phages have been recommended as reliable indicators of fecal contamination, and the phenomenon where subgroups II and III of Fϩ RNA phages are predominantly associated with fecal contamination of human origin while subgroups I and IV are mainly found in animal feces provides the potential to track the source of fecal contamination by identifying subgroups of Fϩ RNA phages (22) (23) (24) . RT-PCR approaches have been used to detect or identify subgroups of Fϩ RNA phages in order to predict the level or source of fecal contamination by the use of subgroup-specific primers (6, 7, 9) . However, RT-PCR signals may result from infectious or inactivated phage particles, or even naked RNA, and thus are not able to assess their infectivity. A previous study indicated that naturally occurring infectious viruses might be overestimated by more than 90-fold when RT-PCR alone was used for their detection (16) . Due to the fact that the risks of fecal contamination to human health are caused by the presence of infectious pathogens, differentiation of infectious and inactivated Fϩ RNA phages provides useful information on the potential presence of infectious enteric pathogens, since Fϩ RNA phages are transported by the same route as enteric pathogens and have similar persistence (25) .
The susceptibilities of infectious Fϩ RNA phages to RNase A (in the presence or absence of proteinase K) were tested in order to confirm that the RNA of infectious phages would not be degraded by the ET step, which was intended to selectively degrade RNA of inactivated phages (and naked RNA). Confluent bacterial growth on the host cell-seeded plates containing RNase A indicated that Fϩ RNA phages were not able to infect host cells in the presence of RNase A. However, clear zones formed on the host cell-seeded plates (in the absence of RNase A) where dilutions of RNase Atreated phage suspension (RNase activity was inhibited by RNase inhibitor after treatment) was dispersed indicated that Fϩ RNA phages were not inactivated by RNase A. A reasonable explanation of this phenomenon is that RNase degrades RNA of Fϩ RNA phages only during the infection cycle (most probably the attachment stage or RNA-ejecting stage) but has no effect on the RNA of free phages. This explanation agrees with the findings of Toropova et al. (26) . These authors showed that the RNA maturation protein complex is poised to leave the protein capsid when Fϩ RNA phages are attached to the F pili of host cells. During the infection cycle, the genome (probably with the aid of maturation protein) of Fϩ RNA phages first leaves the protein capsid and enters the host cell through the F pili once contact between phages and F pili is established (26) . This process exposes phage RNA to RNase if it is present, while in free phages, the RNA genome is enclosed in and protected by the coat protein capsid and thus is resistant to RNase degradation. The enzymatic activity in the RNase A-treated phage suspension may not be completely inactivated by RNase inhibitor that was added after treatment, and thus, infection of host cells by Fϩ RNA phages was inhibited on host cell-seeded plates where undiluted RNase A-treated phage suspension was dispersed. Dilution with PBS may decrease the residual RNase to a level that is In either partially inactivated phage suspensions or environmental samples, higher phage titers were detected by RT-PCR alone than by ET RT-PCR, which in turn detected higher phage titers than the plaque assay. Since Fϩ RNA phages are unlikely to aggregate at pH values above their isoelectric points (2.1 to 3.9) (27, 28) , results obtained by the plaque assay represent the concentration of infectious single phage particles. Thus, comparison of the results obtained with the plaque assay, RT-PCR, and ET RT-PCR implies that an ET step prior to RNA extraction could reduce signals encountered due to the presence of noninfectious phages (false positive) by the RT-PCR assay alone, although falsepositive signals cannot be completely eliminated. However, a previous study by Nuanualsuwan and Cliver (17) reported that vaccine poliovirus 1, feline calicivirus, and hepatitis A virus, which were inactivated by UV irradiation, hypochlorite, or heating at 72°C, could not be detected by RT-PCR when proteinase K and RNase A were added prior to RNA extraction. This may be attributed to the low initial titers (ϳ10 3 PFU ml Ϫ1 ) of these viruses, the activity of which might be completely lost after inactivation.
Pecson et al. (18) also reported the ability of one-step ET RT-PCR to reduce, but not eliminate, false-positive signals when partially inactivated phage MS2 was assayed. For the one-step ET, in which proteinase K and RNase A were used simultaneously to degrade RNA of the inactivated phage particles, RNase activity may be lost before all the RNA of the inactivated phage particles is degraded, since degradation of RNase A by proteinase K might occur at the same time (29) . Thus, higher phage titers were obtained by one-step ET RT-PCR than by two-step ET RT-PCR. The phenomenon observed in this study, where residual RNase activity inhibited infection of host cells when an undiluted RNase Atreated phage suspension was dispersed on host cell-seeded plates while infection of host cells was not affected when the phage suspension was treated with proteinase K and RNase A, also implied that RNase A was denatured by proteinase K. Inactivation of proteinase K prevented the degradation of RNase A that was subsequently added; thus, the two-step ET was more effective than the one-step ET at reducing false-positive RT-PCR signals caused by the presence of inactivated phage particles. Incomplete digestion of RNA may contribute to the inability of the ET (either one or two step) RT-PCR to completely eliminate false-positive signals, considering the small size of the RT-PCR product. Another possibility is that damage only to the maturation protein also leads to the loss of infectivity, since the maturation protein of Fϩ RNA phages was responsible for recognizing and attaching to host cells during infection (26, 30, 31) , and these phage particles were not readily degraded by ET.
Even though a difference in the reduction of false-positive signals between inactivation treatments was reported in a previous study (18) , ET (both one and two step) RT-PCR used in this study did not demonstrate preferential reduction of false-positive signals with one inactivation treatment over another. The extent of false-positive signals reduced by two-step ET RT-PCR in environmental samples was significantly correlated (r 2 ϭ 0.72; P Ͻ 0.05) with the number of inactivated phages present (Table 3 shows the difference between results of the plaque assay and RT-PCR), and this implies the usefulness of the method to quantify infectious Fϩ RNA phages. Compared with integrated cell culture RT-PCR, which combines RT-PCR with a cultured cell line and thus is able to determine the infectivity of only culturable viruses (16) , ET RT-PCR could be adapted to determine the infectivity of viruses that are difficult to cultivate or those for which a cell line is not currently available. Even though higher phage titers were detected than by the plaque assay, ET RT-PCR, especially two-step ET RT-PCR, significantly reduced false-positive signals caused by the presence of inactivated phages.
